Abstract. We introduce the concept of absolute differential gravimetry using fiber optic-based laser interferometry. Absolute differential gravimetry provides an instantaneous determination of the difference in gravity between two or more points on or beneath the surface of the earth. Applications include enhancing the resolution of the gravity field, as well as subsurface fluid and structure monitoring. With a network of sensors, observation of time dependent variations of the gravity field is also possible. Results from a proof-ofconcept prototype instrument using fiber-optic coupler technology represent the first time absolute laser interferometric differential gravity data have been collected. Implications of the new measurement method in terms of geophysical studies and future research plans are discussed.
Introduction
Gravity gradiometry promises to add many benefits to surface and downhole geophysics [Pawlowski, 1998] . It is well known that subsidence caused by extraction and injection of fluids from beneath the subsurface is a problem for the oil production community [Fielding et. al., 1998 ]. Gravity gradient information can be used to track changes in subsurface movement due to migrations of water, magma, or oil. In drilling investigations, gravity gradient information has routinely been used to observe density variations along the borehole path.
In the area of gravity field determination from dynamic platforms, such as marine vessels and aircraft, current technology yields reliable full-wavelength resolution near 0.5 km and 9 km respectively. However, because platform motions require filtering on the order of 2-4 minute periods, these wavelength barriers will be difficult to break given current hardware technology and processing algorithms. In marine applications, the gradient provides a sharper definition of shallow velocity/density variations from which both static corrections and geo-hazards can be inferred. Both airborne and marine acquisition platforms would see better definition of the gravity field by integration of along track gradients and improved map interpolation. Unfortunately, current technology to observe the gradient is either costly or time consuming. To reduce these disadvantages, laser interferometric ballistic gravity meters and gradiometers show promise for both static and dynamic gravity acquisition.
Additionally, ballistic instruments are immune from a range of problems that affect conventional force-measuring devices such as the effects of temperature and shock on springs, and some of the fictitious forces encountered in measuring gradients in rotating frames of reference.
Interferometric Gravity Meters and Gradiometers
Absolute interferometric gravimeters were first developed in the late 1960s and have been refined over the past 30 years at standards laboratories around the world [Marson and Faller, 1986] . Research conducted by United States National Institute of Standards and Technology (NIST) at JILA in Boulder, Colorado was commercialized through a technology transfer program and is now known as the FG5 absolute gravimeter [Niebauer et. al., 1995] . The system works by dropping a reflective test-body in a vacuum and tracking its descent using a laser interferometer. The FG5 has an absolute accuracy of 2µGal. With a precision of 0.1µGal, the instrument is frequently used to calibrate superconducting gravimeters [Francis et. al., 1998] In 1973 a method was proposed to directly determine the vertical gradient of gravity by simultaneously dropping two objects in a common vacuum chamber and measuring the differential trajectory of the two objects using a laser interferometer [Stone, 1972] . Using an optics system consisting of mirrors and beam splitters, the gravity gradient is determined directly from the differential trajectory recorded by timing the occurrence of the interference fringes. Advantages include elimination of calibration, drift, tares, and common mode platform errors. This provides an important advantage over absolute gravimeters because a less complex system may be utilized. For example, unstabilized lasers and imprecise clocks may be used and still provide precision values well within the 0.1 Eötvös Units (EU) range (1 EU is defined as 10 −9 s −2 . The instrument was never produced.
Absolute Differential Gravity Meters
The bulk optics gradiometer requires a fixed vertical relationship between the two dropped objects. If an application calls for either a longer baseline or different orientation, a new system must be created. This limitation can be removed if fiber optic cables are used to construct the interferometer rather than mirrors and beam splitters. Figure 1 shows a rough concept of an absolute interferometric differential gravity meter using fiber optic technology. Light enters the input arm and is split by a fiber optic coupler connecting the two dropping chambers. The reflected light returns along the second input arm and is output to a photo diode detector to determine a precise differential free-fall rate. (Light returning along the main input arm is blocked from the laser using standard optical isolators.) Note the two chambers connected by the fiber optic cabling can be placed into any arbitrary orientation and/or separation. This instrument, based on a fiber optic interferometer, would be more appropriately labeled a differential gravity meter, rather than a gradiometer. The instrument simply measures the absolute difference in trajectory between the two free-falling test masses.
The ability to separate sensors has important implications in terms of observing a differential gravity signal. The gradient increases linearly with separation of the sensors (assuming equivalent precision on the differential gravity measurement). A large baseline will be less sensitive to short wavelength gradient fields (λ¡d), while increasing the resolution for long wavelength fields. Long baseline separations are easily achievable in many marine seismic acquisition vessels. Baselines of two to three meters are possible in many types of production survey aircraft. The fiber optic approach allows the user to choose the length of the baseline depending upon the application. Figure 1 can be further generalized into a 2xN splitter connecting N multiple chambers rather than only two. For example, if four chambers are arranged in a X-Y-Z orthogonal configuration and interconnected via a 2x4 splitter, they would yield a vector gradient measurement that pointed directly at a source anomaly. To extract the individual differential gravity measurements, all four objects are placed into freefall at the same time. This is possible, and in fact desirable, because trajectory information from each pair of objects can be easily separated in the frequency domain. Consider a single pair of objects, where the interferometer signal is very nearly constant in frequency determined predominantly by the initial velocity difference between the two falling objects. Any difference in gravity between the two falling objects will induce a small frequency shift in the fringe signal of approximately ±2 Hz. If multiple objects are in freefall during the same time, it is possible to place the information about each pair of differential trajectories at a different frequency. The individual gravity differences between each pair of objects can be separately demodulated from the same compound fringe signal.
The system can be further extended to N sensors, all of which would have small delays in start-of-drop times. This ability to collect simultaneous differential gravity measurements from multiple sensors has wide applications. Consider a system such as that shown in Figure 2 , with multiple sensors deployed in separate boreholes. Such a configuration could easily be deployed to collect a regional real-time time-dependent (4-D) gravity map of an important reservoir, and yield not only subsidence information, but also detailed maps of subsurface movement. These data would provide exciting opportunities to further explore and refine mathematical techniques used in geophysical inversion methods.
A Prototype Differential Gravity Meter
To test the ideas presented above, a prototype fiber optic absolute differential gravity meter was constructed. The prototype instrument, shown in Figure 3 , stands approximately 2.3 m high. The absolute differential gravity meter (ADG) works by simultaneously dropping two test-masses in a vacuum and uses a laser interferometer to measure the differential acceleration (gravity) between them. The dropping chambers are arranged with a vertical separation of about 91cm. To remove the effect of air resistance during the freefall measurement period, a drag-free cart tracks the falling test-mass and provides a mechanism for dropping and catching as well as shielding from electrostatic and air-resistance forces. Any residual air resistance effects are further eliminated by evacuating each dropping chamber to 1 × 10
Torr.
A fiber optic laser interferometer is used to monitor the differential free-fall distance of the two objects with a precision of better than 1nm. Light from an unstabilized laser is guided into an optical fiber and split by a 2x2 fiber-optic coupler and sent to each dropping chamber. The light from each fiber bounces off a retro-reflector which is currently a corner cube mounted on each free-falling test mass, and then re-enters the fiber. The optical signals are recombined in the same beam-splitter and directed to the photodiode by the return fiber of the fiber-optic splitter. A differential velocity between the test masses generates a nearly constant optical fringe frequency that is easy to detect with a photodiode. The vertical gravity difference decreases (or increases) the base fringe frequency as the two objects fall. The gravity difference is obtained directly by a linear least squares fit to the parabolic trajectory measured using the laser interferometer.
Experimental Results
After several months of experimentation and improvement, single-drop precision is currently ±7µGal. Figure 4 displays twenty-two sets of data collected over an eleven hour period. Each point represents a set of 100 single drops collected over approximately fifteen minutes. Set standard deviations are ±1.5µGal. This precision translates to ±15EU, one order of magnitude better than the stated experimental precision of ±175EU for the atom interferometerbased gradiometer [Snadden et. al., 1998 ].
There is a considerable advantage in acquisition time afforded by the ADG over conventional gravity gradient measurement techniques. With a single drop precision of ±7µGal, the ADG yields a precise gradient in a single drop taking 200 ms. Using the most recent sensor mechanical technology, total cycle time could be reduced to 0.500 s. This time is to be compared to the time it would take to make two separate gravity measurements using conventional instruments. The time advantage becomes even more apparent over longer baselines and in permanent networks.
To verify the instrument's absolute accuracy, an independent measure of the gradient was established by a private company using a Lacoste&Romberg G meter with feedback modifications. Thirteen sets of L&R meter data produced a gradient of 290 ±8µGal. The set average estimate determined by the ADG over the same 91 cm baseline is 293.8 ±1.5µGal. The values obtained with the ADG agree within the experimental error of those obtained with the L&R.
Currently, single drop standard deviation is now at ±7µGal, while 5 minute set standard deviations are ±1.5µ Gal over the approximately 1 m baseline. The fact that set precision does not scale as 1/ √ n suggests that there is non-stationary behavior in the data. This behavior is possibly caused by a combination of low-frequency terms, such as tilt, and aliasing of higher frequency terms due to the 10 s sampling interval. Understanding these error sources present further research opportunities.
Conclusions
The possibility to acquire absolute differential gravity data represents a new way of investigating the earth's gravity field. Many new avenues of geophysical study and development are opened by absolute differential gravity data. The use of fiber-optic technology offers several benefits in terms of error cancellation and complexity, as well as additional flexibility in terms of sensor location and number of sensors deployed. The prototype instrument demonstrates that it could be possible to acquire this type of data for geophysical investigations in the near future.
Though the initial results are encouraging, there is much room for improvement and further understanding of systematic errors will be necessary. The current result from the prototype instrument is obtained by splitting an optical fringe by 1 part in 10
3
. Applications such as Fiber Optic Gyros and high power laser interferometers split a fringe to 1 ppm and 3 ×10 −10 respectively [Burns, 1998 ] and [Fritschel, 1998 ]. This implies that this technique can achieve sub-EU precision. Because of the instrument's insensitivity to many common mode vibrations, future investigations will include both airborne and marine applications. Additionally, the ADG can be reduced significantly both in terms of size and weight using a symmetric rise and fall chambers [Brown et. al., 1999] . Use of rise and fall chambers would allow much smaller sensors while preserving the same freefall time and therefore accuracy.
The ability to place multiple sensors within the same system will be further investigated. If the multiple sensor configuration (3 or more) is successful, many new applications become possible. For example, multiple sensors could be located over an area of volcanic activity and connected with a fiber optic network emanating from a central monitoring station. Such a system could provide instantaneous information regarding time-dependent (4-D) changes in the gravity field over a large region. It could also be used to assess deformation and other seismic related movements.
Potential applications of the ADG are numerous and the flexibility in sensor location and orientation allows many new measurement and monitoring configurations. These include static and dynamic, as well as on and below the surface of the earth. Experimental results obtained during the last six months this new technique may significantly impact the research areas of physical, geophysical and metrological science.
